In this study we analyse factors affecting nest survival in Blue-fronted Parrots Amazona aestiva breeding in the Chaco region of northern Argentina. We combined temporal and environmental variables in order to determine which best explain variation in overall nest survival and in predation dependent nest survival. We predicted that high and deep cavities, that are inaccessible to snakes and other predators, would have high daily survival rates. We compared the relative effects on nest survival of time of the breeding season, stage of the nesting cycle, and characteristics of the nest cavity. We modelled daily survival rate (DSR) for all observed nests, and daily survival rate for nests that had been predated (daily survival rate in relation to predation exclusively, DSR p ). Nest predation accounted for 50% of nest failures. DSR was on average 0.989, translating into an apparent hatching success of 0.39. DSR decreased with time of breeding and increased with nest age. DSR p decreased with time of breeding and inclination of the nest cavity entrance hole and increased with height from the ground of the entrance hole. There was a quadratic effect of nest age on DSR p , such that daily survival was highest during incubation, lowest at hatching and the early nestling stage, but increasing throughout the remainder of the nestling stage. This effect became more pronounced as the breeding season advanced. Year and observer effects did not affect the probability of survival. Temporal patterns and characteristics of the nest cavity explained most of the variation in nest survival in Blue-fronted Parrots, which highlights the relevance of including these covariates in future studies of nest survival in parrots, and has important management and conservation implications.
. Many studies have also described correlations between nest site characteristics and nest survival (Martin & Roper 1988 , Martin 1998 , ColombellNégrel & Kleindorfer 2009 , Colwell et al. 2011 .
Nest predation is probably an important factor affecting nest survival for lowland Amazon parrots Amazona spp., but the effect of predation on nest survival has not been quantified (Rivera et al. 2013) . Many studies on nest survival, mainly on passerines, where predation was the main cause of failure, show clear patterns of declining nest survival as the nesting season advances, and positive relationships between nest coverage and nest survival (Grant et al. 2005 , Segura & Berkunsky 2012 . Relationships between survival and nesting parameters are however more apparent in cases where there is a single cause of failure (Brown & Collopy 2008 , Benson et al. 2010 , Colwell et al. 2011 , while in those studies where more than one cause of failure was significantly affecting nest survival, it was difficult to identify predictors of survival (Boulton et al. 2008 , Kerns et al. 2010 , Kozma & Kroll 2010 . By grouping failure events together when trying to identify factors affecting nest survival, important predator-specific patterns are potentially obscured, which may lead to the conclusion that nest failures are random events (Benson et al. 2010 ). Yet, if causespecific nest failures are predictable, this may have implications for the behaviour of individual birds and at the same time could help in the conservation and management of vulnerable species.
Cavity nest characteristics have been described for a large number of Neotropical parrot species, but only a small portion of these studies also reported nest survival. In recent years, the relationship between nest characteristics and nest survival at different stages of the nesting cycle has been studied more frequently (Ortiz-Catedral et al. 2013 , Rivera et al. 2013 , Berkunsky et al. 2014 , Britt et al. 2014 , Olah et al. 2014 . However, only a small number of these studies found significant relationships between site-specific nest characteristics and nest survival (Koenig et al. 2007 , Britt et al. 2014 .
The Blue-fronted Parrot Amazona aestiva lives in subtropical forests and savannas of central South America (Caparroz et al. 2009 ). Like all Amazon parrots, it is a secondary cavity nester (Berkunsky & Reboreda 2009 ). Populations of this species are declining, mainly as a result of habitat transformation (e.g. deforestation and selective logging), and nestling harvesting for the pet trade ). Several previous studies described attributes of cavity use by Blue-fronted Amazons in Argentina and Brazil (Fernandes Seixas & De Miranda Mourão 2002 , Berkunsky & Reboreda 2009 , Berkunsky 2010 ), but only one study reported nest survival rates.
The objective of our work was to identify factors affecting nest survival in Blue-fronted Parrots. We combined a number of temporal and environmental variables in order to determine which best explain variation in the probability of nest survival and of nest predation. We explored if any of the cavity characteristics studied were related to nest survival, and we predicted that high and deep cavities (i.e. inaccessible for snakes and other predators) would have high daily survival rates.
METHODS

Study area
We conducted the study at the Loro Hablador Provincial Park (25°27'S, 61°51'W, 170 m ASL) and neighbouring areas, in the Chaco province, Argentina. The climate at the study site is dry-subtropical and mean temperatures vary between 27°C in January and 12.4°C in July. Average annual rainfall is near 700 mm and has a marked seasonality, with 80% of the rainfall occurring from November to March and an extended dry season from April to October (Bravo et al. 2010) . The study area is a continuous dry forest dominated by White Quebracho Aspidosperma quebracho-blanco and Red Quebracho Schinopsis lorentzii (Tálamo & Caziani 2003) .
Sampling procedure
Clutch size of the Blue-fronted Parrot is 2-3 eggs. On average, incubation lasts 28 days and nestlings fledge after 58 days (Berkunsky 2010) . During egg-laying and incubation, females spent most of their time inside the nest or perched nearby, while males were never seen entering the nest cavity, although they often remained perched nearby (Figure 1 ; Berkunsky 2010).
We searched extensively for Blue-fronted Parrot nests from early October to late February during five consecutive breeding seasons (2002-2003 to 2006-2007) . We found nests mainly by observing the behaviour of breeding pairs. After locating a potential nest (a tree with a cavity and parrot activity), we reached the entrance hole using climbing equipment.
We recorded the following nest site characteristics: tree species, diameter at breast height (dbh) of the tree, internal diameter at the bottom of the cavity depth of the cavity and thickness of the cavity wall (estimated as the difference between external and internal diameter).
We also took the following measurements of the nest entrance hole: height from the ground, minimum and maximum diameter, and inclination. We measured inclination as the angle between an axis perpendicular to the entrance hole area and the vertical line to the ground (see Berkunsky & Reboreda 2009) . A value of 90° corresponded to an entrance hole with an axis perpendicular to the vertical plane. Smaller and greater values corresponded to holes that were oriented down or up, respectively. We assigned entrance hole inclination values to one of five categories: -2 = 0°-22°( facing down), -1 = 23°-67°, 0 = 68°-112°, 1 = 113°-157°, and 2 = 158°-180° (facing up).
We monitored nests regularly until the nest failed or the nestlings fledged. On average, the interval between subsequent visits was 4.8 days (range 1-15 days). We considered a nest successful if it fledged at least one young. Fledging was confirmed by the following criteria: (1) we observed fully feathered young during the last visit to the nest, (2) the nest was undisturbed and in good condition at the time of fledging, and/or (3) we observed or heard fledglings nearby the nest after the presumed time of fledging. We identified five different causes of nest loss: predation, adverse weather conditions, infertility of the eggs, death of the nestlings and abandonment due to an unknown cause. Nest loss due to predation was confirmed using one or more of the following criteria: (1) we observed broken eggshells, chick or adult remnants in or near to the basin of the nest tree, (2) we observed injuries in dead nestlings that would indicate attack by another animal, and/or (3) the nest was empty before the time of fledging. Nest loss due to adverse weather conditions included the fall of the nest-tree, breaking off of the branch with the nest cavity, or flooding of the cavity. To confirm nest loss due to infertility of the eggs, we inspected the egg content of unhatched eggs looking for a developed embryo visible with the naked eye (Birkhead et al. 2008) . Nest loss due to death of the nestlings was previously reported in other Amazon species as 'dead-in-nest' (Koenig 2001) , and this cause of failure was considered when all nestlings in a brood were found dead inside the cavity and without signs of starvation (their crops contained food) or predation (no teeth marks). 
Statistical Analysis
We implemented Kaplan-Meier survival curves and we estimated hazard rates to describe the nest survival time (Lee & Wenyu Wang 2000) . Kaplan-Meier (henceforth K-M) survival curves give information about when and how failures occur. Hazard rate is defined as the probability per day that a nest that has survived to the beginning of the day will fail during that day. Specifically, it is computed as the number of failures per day in the respective day, divided by the average number of surviving nests at the mid-point of the day. We built K-M curves with all nests that were found since egg-laying. In the case of nest failure, we estimated failure date as the mid-point between the last time the nest was seen active and the date when the failure was detected. We estimated: (1) daily survival rate (DSR) for the complete dataset including all causes of nest failure (n = 157), and (2) daily survival rate in relation to predation only (DSR p ) for a reduced dataset (n = 124), from which we excluded all nests that failed due to causes other than predation. We estimated nesting success using the nest survival model in program MARK (White & Burnham 1999) . We standardized the observation period for each nesting attempt by setting a maximum length of 85 d: 30 d for the egg-laying and incubation stages, assuming a clutch size of three eggs and incubation starting with the laying of the second egg, and 55 d for the fledging of the first young (Berkunsky 2010) . Similarly, we assumed that the length of the breeding season was 117 days (from 20 October to 14 February) based on the period that nests were active during the five years of study. We used four temporal variables as covariates: year, time of breeding (i.e. date of the breeding season at which egg-laying started; 1 = 20 October), nest age (1 = day the first egg was laid), and day of visit, and nine nest cavity attributes (see above). We follow the approach described by Dinsmore & Dinsmore (2007) and standardized among years and did not use time of breeding adjusted for each year. We examined linear and quadratic effects of time of breeding and nest age and then used the best model to incorporate nest cavity characteristics. To evaluate possible effects of our visits on DSR, we included the day of the visit as a covariate. We also included temporal covariates following Rotella (2016) , allowing DSR to vary following a trend in accordance with time of breeding and age of the nest. We adopted the default options of sin-(for constant survival models) or logit-link functions (for models including covariates) and second part variance estimation (Burnham & Anderson 2002) . We obtained estimates of nest survival for specific models using beta parameters and back transformation following Dinsmore et al. (2002) and Rotella (2016) . Our model set was based on additive combinations of the aforementioned covariates.
We ranked all models according to second-order Akaike Information Criterion values corrected for small samples (AIC c ). We show summary tables with the null model S(.) and models that rank higher than the null model. We kept models with combinations of variables only in those cases where the model with two or more combined variables ranked higher than models with a single variable (Rotella 2016) . For example, if S(date+ age) ranked higher than S(date) and S(age), we would keep it, otherwise we removed it. The DAIC c values indicate the magnitude of the difference in AIC c values between each model and the best fitting model, and model likelihood assesses the strength of evidence for competing models. The AIC weight value (w i ) is the probability that model i is the best model, given the models considered. We calculated the proportion of nests that survived 85 days of exposure. one young. The number of surviving nests declined at a higher rate during incubation and the first days after hatching than during the rest of nestling period ( Figure  2 ). Hazard rates were higher during the first days of the nestling stage. Considering all nests found, 42% (66/157) failed. Main causes of nest failure were: predation (n = 33, 50% of the failures), dead nestlings (n = 15, 23%), abandonment because of unknown causes (n = 8, 12%), adverse weather (n = 7, 10%) and abandonment because of egg infertility (n = 3, 5%). Dead nestlings were found for ages ranging from 26 to 42 days (average 32.3 ± 5.0 (SD) days). None of the nests failed due to starvation.
RESULTS
Nesting Success
Most direct and indirect evidence indicates that snakes were the main predators (Figure 3) . Direct evidence included the capture of the following snakes at the time they were eating the nestlings: Rainbow Boa Epicrates cenchria alvarezi (n = 1), Boa Constrictor Boa constrictor occidentalis (n = 2), and Baron's Green Racer Philodryas baroni (n = 2). Indirect evidence of snake predation was the disappearance of the entire nest content (i.e. we did not observe broken egg shells, chick feathers or adult remnants in or close to the nest). We also found a Spot-winged Falconet Spiziapteryx circumcinctus removing a 45-day-old nestling from its cavity.
Daily Nest Survival Rates
Daily nest survival rates ranged between 0.985 and 0.995 (Table 1) , with an average value for the five study years of 0.989. Cumulative probability of nest survival during the 85 days of the nesting period was 0.39, so in 39% of the nests at least one nestling fledged, with a 95% confidence interval of 0.30-0.46. The best model explaining DSR incorporated the effects of time of breeding (date) and age of the nest ( Table 2) . Time of breeding showed a negative slope (b date = -0.044 ± 0.009 (SE)) indicating a decrease in survival as the breeding season advanced, while age of the nest showed a positive slope (b age = 0.046 ± 0.008) indicating an increase in survival as the nesting cycle advanced. Regarding daily nest survival in relation to predation exclusively (DSR p ), the overall 5-year survival rate was 0.994. The DSR p model with the most support included the following covariates: time of breeding, age of the nest, inclination of the nest hole and height of the entrance hole from the ground (Table 3) . This model had negative slopes for time of breeding (b date = -0.060 ± 0.016) and inclination of the entrance hole (b inclination = -0.687 ± 0.243) and a positive quadratic slope for nest age (bage = 0.0008 ± 0.0002) and height of the entrance hole (b height = 0.004 ± 0.002; Table 3 and Figure 4 ). There was no support for models containing year or visit day effects. 
DISCUSSION
Time of breeding and nest age explained most variation in DSR in the Blue-fronted Parrot. Variation in DSR p was best explained by time of breeding, nest age and height and inclination of the entrance hole. Considering the overall results of the five breeding seasons, cumulative nest survival during the nesting phase was 39% and predation was the main cause of nest failure, accounting for 50% of the failures. As with other Amazon parrots (Koenig et al. 2007) , most events of predation were attributable to snakes, particularly boas. Nesting success of Blue-fronted Parrots in the Chaco region (39%) was lower than reported for the same species in a study conducted on a protected population in the Pantanal region of Brazil (average 61%, range 36%-72%, Fernandes Seixas & De Miranda Mourão 2002) . In the latter study, DSR were estimated using the Mayfield method and therefore temporal factors and specific nest attributes that may have affected nest survival were not analysed. The high nest success found in Pantanal may be a consequence of lower predation pressure, as arboreal snakes are less common in savannahs like Pantanal than in subtropical dry forest (Leynaud & Bucher 1999) as in our study.
Nest survival rates reported for other species of Amazon parrots mostly did not differ considerably: 38% in Yellow-shouldered Amazon Amazona barbadensis of Margarita Island (Sanz & Rodríguez Ferraro 2006) , 37% in Black-billed Amazon Amazona agilis (Koenig 2001) , 42% in Bahama Amazon Amazona leucocephala bahamensis (Gnam & Rockwell 1991) , 42% in Amazona finschi (Renton & Salinas-Melgoza 2004) , 48% in Red-crowned Amazon Amazona viridigenalis and Red-lored Amazon Amazona autumnalis (Enkerlin-Hoeflich 1995) and 53% in Tucuman Amazon Amazona tucumana (Rivera et al. 2013) . Studies on populations of Amazon parrots exposed to intense Table 3 . Results of AIC-based model selection identifying the main factors that influence daily survival rates of Blue-fronted Parrot Amazona aestiva nests, exclusively in relation to predation (DSR p ). Details on model selection and definitions of variables are provided in Table 2 , plus height = height of the entrance of the cavity. Snyder et al. 1987) .
In passerines, the decline in DSR with time of breeding has been generally attributed to an increase in the local abundance of predators as the breeding season progresses (Grant et al. 2005) . Consistent with this interpretation, we observed a decline in both estimates of the daily survival rate, DSR and DSR p , with time of breeding. Although we do not have information on changes of predator abundance over the breeding season, the activity of boas, which appears to be the main predator of Blue-fronted Parrot nests, increased as spring advanced and they were much more frequently observed at our study site during November and December (Kacoliris et al. 2006 , Berkunsky et al. 2011 . The seasonal pattern of nest failure could also be partially explained by the increase in the frequency of heavy storms as the breeding season advances (Bravo et al. 2010) . Heavy storms often bring down trees and flood cavities.
We also observed that DSR p had the lowest value at the time of hatching and that this temporal pattern was more marked as the breeding season progressed. The pattern of a drop in nest survival immediately after hatching and then an increase until fledging has been observed in several passerines (Grant et al. 2005 , Davis et al. 2006 , Grant & Shaffer 2012 and it is generally attributed to an increase in activity levels of the young and parents at the nest site, which may attract predators (Grant et al. 2005) . In Blue-fronted Parrots, the female performs all the incubation and during this period the male feeds the female at the nest entrance (Berkunsky 2010) . During the first week after hatching, the male feeds both the female and the chicks. After that period, both sexes share nestling provisioning. These changes in parental behaviour at the time of hatching (or shortly after) could lead to detection by predators. In addition, the more pronounced drop in DSR p at the time of hatching as the breeding season advances provides indirect evidence for the decline in DSR with time of breeding mainly being the result of predation.
Some of the most frequently discussed architectural attributes of nest cavities are the dimensions and exposure of the entrance-hole (Rendel & Robertson 1994 , Wiebe 2001 , Politi et al. 2009 , Cockle et al. 2011 . Secondary cavity-nesters usually select deep cavities far above the ground in relatively isolated trees with good visibility, perhaps reducing their risk of predation (Cockle et al. 2011) . In our study, most of the architectural attributes did not explain survival rates. The only two cavity attributes that explained variation in survival in relation to predation exclusively were the inclination of the entrance hole and its height from the ground. This could be related to the difficulty that snakes may have in climbing nests that are high up in trees and with entrance holes facing the ground. Because DSR p was well correlated with cavity height and inclination of the entrance hole, either characteristic should be a reasonable indicator of nest-site quality and could serve as a cue for nest-site selection by Blue-fronted Parrots. Yet they frequently used cavities that could be classified as 'poor quality' nest-sites, given their height and inclination of the entrance hole, which raises the question of whether 'good quality' nest-sites are limited at our study site.
We provided detailed estimates of nest survival that could be used in current and future management plans for the Blue-fronted Amazon in Chaco woodlands. According to the concept of sustainable wild parrot harvesting, removal quotas are established based on the number of parrots that usually die from natural causes, such as brood reduction and/or predation (Beissinger & Bucher 1992) . In the absence of better information, the National Fauna Authority of Argentina is estimating harvest quotas based on data of a nonharvested wild Turquoise-fronted Amazon population on savannahs of Brazil as reported by the same Agency (Fernandes Seixas & de Miranda Mourao 2002 , Rabinovich 2004 . It would also be important to consider that any harvesting will be additional to natural nest failure, and hence increase the overall failure rate. We hope our estimates and models help authorities to review and modify current quotas.
To summarize, our results show that temporal patterns and characteristics of the nest cavity together explain most variation in nest survival in Blue-fronted Parrots and highlight the relevance of including these covariates in future studies of nest survival in parrots. We provided detailed estimates of nest survival that could be used in current and future management plans to conserve the Blue-fronted Amazon in Chaco woodlands. 
